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Available online 14 August 2019Themechanical properties of cemented carbides can be tuned by controllingWC grain coarsening and the simul-
taneous growth of the binder pocket size during the sintering. So far, bulk studies considering this phenomenon
are scarce, but here,we report the ﬁrst very-small angle neutron scattering (VSANS) study on cemented carbides.
VSANS is supplemented with electron backscatter diffraction (EBSD) and the microstructural reﬁnement by in-
creasing V-doping (0, 0.02, 0.22, and 0.76 wt%) is quantiﬁed. The capability of VSANS as a non-destructive bulk
probe for cemented carbides is shown, paving way for forthcoming in-situ studies.
© 2019 Acta Materialia Inc. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).Keywords:
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Grain reﬁningCemented carbides are composite materials manufactured via
liquid-phase sintering. Their excellent wear resistance, high hardness,
and high toughness make themwidely used as, for example, metal cut-
ting tools. The performance of traditional cemented carbide tools relies
on the as-sintered composite microstructure consisting of hard tung-
sten carbide (WC) grains embedded in a ductile Co-based binder
phase. The Co-based binder forms a liquid phase during the sintering.
This facilitates diffusion and effective densiﬁcation of the powder mix-
ture, but it also leads to coarsening of the WC grains, and correspond-
ingly the size of the binder regions between the WC grains,
hereinafter referred to as the binder pocket size, increases [1].
Fine-grained cemented carbides are in demand for cutting applica-
tions requiring high hardness and sharp cutting edges [2–4]. For a con-
stant binder phase fraction, the hardness of the cemented carbide
increases with decreasing WC grain size and Co-based binder free-
path [5–7]; however, this occurs at the expense of the fracture tough-
ness [8]. The accurate determination of the binder pocket size and WC
grain size is thus critical for relating themicrostructure and themechan-
ical properties in cemented carbides.Science and Engineering, KTH
ier Ltd. This is an open access articleDuring the last two decades, electron backscatter diffraction (EBSD)
has emerged as the tool of choice for grain size determinations in
cemented carbides. EBSD is an effective method, but some limitations
are, for example, the demanding sample preparation and limited spatial
resolution, in particular when ﬁne-grained cemented carbides are ana-
lyzed [9]. Another limitation is that it is a sectioning technique limited to
2D observations. A technique enabling 3D size determinationswould be
preferred, for example, when calibrating models for grain coarsening
[10,11], but more importantly a tool to characterize grain coarsening
in-situwould be preferred.
Small angle scattering (SAS) techniques have been shown useful for
non-destructive 3D bulk characterization of particles, i.e. nano-scale
precipitates, in earlier works on alloys [12,13]. By extending the detec-
tion of scattering vectors to even smaller angles using very- or ultra-SAS
technique, the characterization ofmicrostructural features up to several
μm in size is enabled [14–16]. However, the poor penetration of X-ray
beams in materials made of heavy elements such as W and Co, makes
ultra- or very-small angle neutron scattering (USANS or VSANS) the
only viable SAS techniques for the investigations of binder pocket size
and WC grain size in cemented carbides as bulk materials. Non-
destructive bulk characterization using USANS/VSANS would have the
added beneﬁt of in-situ capabilities during the sintering process.
Motivated by both the potential use of VSANS for in-situ characteri-
zation of the microstructure in cemented carbides, and the need forunder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
Fig. 2. The volume-weighted size distribution DV(D) of Co-based binder pockets in WC-
Co-Vx (x = 0 to 0.76 wt% V) cemented carbides calculated by VSANS using indirect
Fourier transformation method.
Fig. 1. The evolution of VSANS curves log-log scale as a function of V addition inWC-Co-Vx
(x=0 to 0.76wt% V) cemented carbides. The solid lines correspond to themodelﬁt. Note
that, except for 0 wt% V sample, error bars are omitted for clarity as they obscure the data.
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investigate the evolution of Co-based binder pocket size in WC-Co-V
cemented carbides using VSANS. We report on the ﬁrst investigation
of WC-Co cemented carbides using VSANS, and it provides a feasibility
test for forthcoming in-situ studies. EBSD was used to supplement the
VSANS data and an empirical expression is presented to estimate the av-
erage WC grain size.
OneWC-11.45 wt% Co composite and three WC-10.07 wt% Co com-
posites with different V contents (0.02, 0.22, and 0.76 wt%) were inves-
tigated.WC powder fromWolfram Bergbau Hütten AGwith an average
diameter of 0.9 μm (Fisher Sub-Sieve Sizer [17]) was used for the hard
phase, Co powder from Freeport for the binder, and V was added as
VC from Treibacher AG. The powders were mixed with ethanol and
Polyethylene glycol and milled for 8 h in a 0.25 L rotating mill (lined
with WC-Co) using 900 g of pure WC-Co milling bodies to avoid con-
tamination. Thereafter, the ethanol was removed by pan drying at 40
°C in N2 atmosphere. The powder was uniaxially pressed into inserts
with ISO-SNUN square geometry (12.7 mm × 12.7 mm × 4.2 mm),
sintered in controlled vacuum at 1410 °C for 1 h, cooled to 1250 °C
using a cooling rate of 5 °C/min, and ﬁnally furnace cooled to room tem-
perature. The use of the same initial powder as well as milling and
sintering procedures ensure the similar particle size distribution prior
to the sintering andmakes the amount of V-doping the single dominant
parameter affecting the WC grain coarsening.
Ex-situ VSANS experiments were performed on the double-bent-
crystal diffractometer MAUD [18] at Nuclear Physics Institute (NPI),
Czech Republic, to probe the evolution of the microstructural features.
VSANS data were acquired at three different instrumental resolutions
– high, low and medium. Desired instrumental resolutions were set by
bendingof the analyzer andmonochromator crystals. This experimental
setup spanned a scattering vector (Q) range of 0.00031 b Q b 0.02 Å−1
(Q= (4π/λ) sin θ, where θ is half of the scattering angle) at a constant
incident neutron wavelength of 2.09 Å. This Q-range corresponds to
scattering features with sizes from about 30 nm up to 2 μm in real
space. For VSANS experiments, square specimens with a dimension of
12 mm × 12 mm were cut. In order to minimize multiple scattering
and keep high transmission (N 90%), the specimen thickness was lim-
ited to 0.35 mm. To reduce the scattering caused by the magnetic do-
main walls in Co, specimens were horizontally placed between two
Neodymiummagnets, providing amagnetic ﬁeld of about 0.5 T perpen-
dicular to the neutron beam. The measured VSANS data were corrected
for sample-independent background using measurements of Cd,normalized by the transmission and scaled to absolute units by using
the probe volume.
EBSD sampleswere prepared by ﬁrst cutting of 300 μmslices using a
high-speed saw. The samples were thereafter polished manually with
polycrystalline diamond spray with the last step being performed
using 1 μm diamonds. The specimens were further polished by Ar+
ions for two hours in a Gatan Precision Ion Polishing System Model
691. Both guns were used continuously at 4.0 kV at an incidence angle
of 2°. The EBSD measurements were conducted at 20 kV acceleration
voltage using 50 nm step size in a Tescan GAIA3 focused ion beam scan-
ning electron microscope (SEM) equipped with an Oxford Instruments
NordlysNano camera. The Oxford Instruments software packages
AZtecHKL and Tango were used for the post-processing and analyses.
A misorientation threshold angle of 3° was set to deﬁne the grains;
the minimum grain size considered was 4 pixels. EBSD images of WC
grains were generated using the MTEX software package [19].
The presence of compositional inhomogeneities such as precipitates,
segregation, and porosity can cause local differences in the scattering
length density (SLD). In SANS experiments, this difference results in a
scattering signal at a certain scattering vector Q related to the size of
the scatterers, D, (Q≈ 2π/D). In the V-doped WC-Co material, within
theVSANSQ-range, the scattering can result from: (i) the SLD difference
between the Co-based binder pockets and the WC grains; (ii) porosity;
and (iii) the SLD difference caused by bulk (V,W)C precipitates.
Backscattered SEM images and energy dispersive x-ray spectroscopy
(EDS) composition maps, not presented here, revealed no bulk (V,W)
C precipitates in the samples containing 0.02% and 0.22% V addition.
However, for the sample containing 0.76% V, V enriched regions up to
2 μm in size have been observed, indicating bulk (V,W)C precipitates.
The additional scattering arising from the potential (V,W)C precipitates
is judged to be minor considering the low potential fraction of (V,W)C.
Furthermore, for (V0.92,W0.08)C0.8 [20] (SLD(V,W)C= 3.78 × 10−6 Å−2), a
lower SLDdifferencewith respect to pure Co (SLDCo=2.26× 10−6 Å−2)
is expected compared to WC (SLDWC= 5.48 × 10−6 Å−2). The samples
also have over 99.5% relative density after sintering, indicating fully con-
solidated composites. Therefore, in the current study, the VSANS data
originate mainly from the SLD difference between the Co-based binder
and the WC grains. Fig. 1 shows the evolution of VSANS intensities as
a function of V addition. The scattering curves at low-Q obey Guinier
law, whilst at high-Q Porod scattering is found. Upon V-doping, two dif-
ferent trends occur in the scattering intensities. With increasing V con-
tent, VSANS intensity decreases at low-Q region (Q b 0.002 Å−1), and
conversely increases at the high-Q region. These development trends
µmµm
µmµm
a) b)
c) d)
Fig. 3. Colored EBSDmaps showing the size distribution ofWC grains in a) 0%, b) 0.02%, c) 0.22%, and d) 0.76wt% V-dopedWC-Co cemented carbides. The grain boundaries represented by
black lines is deﬁned byamisorientation N3°. Note the rescaling of the color bar between the images. (For interpretation of the references to color in thisﬁgure legend, the reader is referred
to the web version of this article.)
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addition.
In order to determine the average binder pocket size and their distri-
bution, the VSANS curves were ﬁtted in the SASProFit [21] software
package using indirect Fourier transformation method [22] with slit-
smeared scattering geometry. The complex microstructure with poly-
dispersity and irregular morphology of the binder regions were
modelled using an assumption of log-normal distribution of spherical
particles. As it is explained in Ref. [21], this simple shape assumption
can statistically describe the microstructural evolution in terms of size
and size distribution. The possible compositional changes in the Co-
based binder due to the C activity and the V addition [23] could not
only affect the nuclear SLD of Co but also cause differences in the resid-
ual magnetic scattering. Since the initial composition of the powder
mixture is known, the volume fraction of binder phase at 900 °C [24],
the temperature below which the compositional changes are small
[25], was estimated by Thermo-Calc Software [26] TCFE9 Steels/Fe-alloys database and the calculated binder volume fractions were used
as a ﬁxed parameter in the ﬁtting procedures. This allows the usage of
SLD difference as a free parameter, which now stands for a scattering
power originated from the nuclear scattering and residual magnetic
scattering. The solid lines in Fig. 1 represent the model ﬁt of the
VSANS curves.
Fig. 2 shows the evolution in the size distribution of binder pockets
as a function of V addition. It should be noted that DV(D) denotes the
volume-weighted size distribution function for the binder phase. Thus,
the integration of DV(D) gives the volume fraction of the binder phase,
which ranges between 17.3 and 19.3 vol%. As can be seen, an increasing
amount of V-doping results in: (i) a shift in themaximum of size distri-
bution towards smaller values; (ii) a narrower size distribution; and
(iii) an increased intensity of distribution peak height. Correspondingly,
the average size of the binder pockets reduces gradually from 626 ±
14 nm to 169 ± 7 nm in 0% V and 0.76% V samples, respectively. Since
the reﬁnement in WC grain size takes place together with reﬁnement
Fig. 4. The average WC grain size measured by EBSD (WCEBSD) versus Co-based binder
pocket size measured by VSANS (CoVSANS) in WC-Co-Vx (x = 0 to 0.76 wt%
V) cemented carbides. The solid line is the linear ﬁt. Scatter bars in WCEBSD and CoVSANS
values represent the 95% conﬁdence interval calculated according to Ref. [30] and
standard deviations from the model ﬁtting, respectively.
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attributed to the presence of smaller WC grains due to the V addition.
EBSD maps colored according to grain size, i.e. equivalent circle di-
ameter, are presented in Fig. 3. Only a few grains were viewed normal
to the basal plane. In accordance with the previous work [11,27], the
majority of the WC grains had an irregular shape. It can be seen that a
strong reﬁnement in grain sizewas observed already after aminor V ad-
dition (0.02%), which was followed by a gradual decrease. EBSD results
showed that upon adding V, the average WC grain size decreased from
859 ± 56 nm (0% V) to 301 ± 5 nm (0.76% V).
For a constant binder phase fraction,WC grain size is proportional to
themean free path of binder phase that reduces with the reﬁnement in
WC grain size [4]. Therefore, the evolution of the mean free path of the
binder phase can also be used as an indirect measure of the WC grain
size reﬁnement, and empirical expressions can be deﬁned for the esti-
mation ofWCgrain size [1,28,29]. Fig. 4 plots the average size evolutions
inWC grainsmeasured by EBSD (WCEBSD) and Co-based binder pockets
measured by VSANS (CoVSANS). As can be seen, a linear relationship is
found betweenWCEBSD and CoVSANS, which is consistent with the previ-
ous literature ﬁndings [1,4,29]. The linear ﬁt gives the following empir-
ical relation:
WCEBSD ¼ 1:2 0:1ð Þ  CoVSANS þ 85:3 35:9ð Þ nm½  R2 ¼ 0:94
which could give a reasonable approximation ofWC grain size inWC-Co
cemented carbides with approximately 10 wt% Co. However, further
work would be needed to improve such relations for the materials sys-
tems containing various amount of binder phase and other binder
materials.
In conclusion, we have performed ex-situ VSANS experiments to
study the evolution of Co-based binder pocket size distribution in WC-
Co-V (from 0 to 0.76 wt% V) cemented carbides. The addition of V re-
sults in a decrease in the VSANS intensity at low-Q and increase at
high-Q regions of the scattering curves, which imply a microstructural
reﬁnement upon V-doping. Modeling of VSANS data reveals that Vaddition results in smaller binder pockets with narrower size distribu-
tion. Supplementary EBSD results also conﬁrm a reﬁnement in the WC
grain size. We ﬁnd a linear relationship between the average binder
pocket size measured by VSANS and WC grain size measured by EBSD
and present an empirical relation to estimate the WC grain size.
Hence, our results indicate great potential for utilization of VSANS for
bulk characterization of WC grain coarsening in cemented carbides,
where the non-destructive in-situ capability should be explored.
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